Abstract. The nanocrystalline (nc) formation was studied in cobalt (a mixture of ε (hexagonal close packed) and γ (face-centered cubic) phases) subjected to surface mechanical attrition treatment. Electron microscopy revealed the operation of { 10 10 }〈 1120 〉 prismatic and {0001}〈 1120 〉 basal slip in the ε phase, leading to the successive subdivision of grains to nanoscale. In particular, the dislocation splitting into the stacking faults was observed to occur in ultrafine and nc grains. By contrast, the planar dislocation arrays, twins and martensites were evidenced in the γ phase. The strain-induced γ→ε martensitic transformation was found to progress continuously in ultrafine and nc grains as the strain increased. The nc formation in the γ phase was interpreted in terms of the martensitic transformation and twinning.
Introduction
Severe plastic deformation (SPD) has emerged as a promising method to producing ultrafine and nanocrystalline (nc) materials [1] [2] [3] [4] [5] [6] . These materials exhibit superior mechanical properties such as excellent superplasticity, high strength, and good or even excellent ductility [7, 8] . SPD is a "top-down" approach for synthesizing ultrafine and nc solids in which existing coarse-grained materials are processed to induce substantial grain refinement and nc formation. The grain refinement is originated from dislocation activity during deformation in cubic metals and alloys with a medium-to-high stacking fault energy (SFE). Plastic straining induces low angle dislocation boundaries which then increase their misorientations with increasing strain to become high angle grain boundaries and as a result, the original grains are subdivided successively down to the nanoscale [9] [10] [11] [12] . In this work, the grain refinement and nc formation were studied in low SFE cobalt subjected to surface mechanical attrition treatment (SMAT) [5] .
Experimental
The material used in this study was an electrodeposited cobalt plate (purity: 99.98 wt%) with a dimension of 100×40×5 mm 3 . The original grain size was determined to be ~30 µm. The X-ray diffraction analysis indicated a duplex ε (hexagonal close packed, hcp) and γ (face-centered cubic, fcc) structure of the product. The volume fraction of γ phase was ~20%. In fact, it is difficult to obtain polycrystalline cobalt with 100% ε phase, and some amount of metastable γ phase always remains at room temperature regardless of the applied treatment [13] .
The technique of SMAT was described in detail in our previous papers [5] . In brief, during the SMAT process, the hardened steel balls of 8 mm in diameter were placed at the bottom of a cylinder-shaped vacuum chamber attached to a vibration generator, with which the balls were resonated. Because of the high vibration frequency of the system, the sample surface was peened repetitively by a large number of balls within a short period of time. Hence, the grains in the treated layer were effectively refined and the grain sizes presented gradient distribution due to the gradient of strain varying from the surface (extremely large) towards the deep matrix (essentially zero) [5] . The deformation microstructure of various grain size regimes could be examined at different levels of strain [11, 12] . In the present work, the SMAT process was performed for 50 minutes at room temperature with a vibrating frequency of 50 Hz in a vacuum.
Following SMAT, the microstructure characterization was performed in a transmission electron microscope (TEM, JEM2010F) operated at 200 kV. Both cross-sectional and planeview thin foils were prepared for TEM observation [14, 15] .
Experimental results ε-cobalt
The whole treated layer was ~200 µm thick and the deformation microstructure was examined from the inside towards treated surface. Fig. 1(a) shows the deformation-induced (0001) basal stacking faults (SFs) at the low strain level (~180 µm below treated surface). These SFs are produced by the glide dislocations on basal planes dissociating into Shockley partials bounding an intrinsic SF, i.e. 1/3〈 12 10 〉→1/3〈 01 10 〉+1/3〈 1100 〉 [16] . The inset is the electron diffraction pattern (EDP) with a [10 10 ] zone axis. Fig.1 (b) is a two-beam image of dislocations taken with (0002) beam (~170 µm deep). The basal plane is in the Bragg position (g=(0002)) and SFs are out of contrast. Apart from c-type dislocations (short segments), all a dislocations are in basal planes. In the two-beam image with ( 12 10 ) beam, however, the SF fringes come onto contrast (g•R≠0, integer) and interfere with the dislocation images. It is, thus, impossible to uniquely identify a-type dislocations. However, strong interplay of SFs with dislocations is visible ( Fig. 1(a) ), indicative of the presence of a slip. Hence, the slip of dislocations on pyramidal (c+a) and basal (a) planes occurs in the grains of ε-cobalt.
With increasing strain (~130 µm deep), the low-angle dislocation boundaries present due to dislocation slip. Fig. 2(a) shows the dislocation boundaries oriented normal and parallel to the streaks of SFs, respectively, indicated by a pair of solid and hollow triangles. This indicated the dislocation slip on { 10 10 } prismatic and (0001) basal planes respectively [14, 17] . Because the direction of dislocation slip was conclusively determined to be 〈1120 〉 in ε-cobalt [18] , the slip system should be prismatic 〈1120 〉{10 10 } and basal 〈1120 〉(0001). It is worth noting that the SF streaks at one side of dislocation boundary almost disappear. This indicates the presence of the misorientation caused by the dislocation boundary. Fig.  2(b) shows the formation of subgrains due to the subdivision of dislocation boundaries by 〈1120 〉{10 10 } prismatic slip.
With successive grain subdivision, the grain refinement continues and hence, the ultrafine and nc grains are formed, as shown in Fig. 3 With increasing strain, the strain-induced γ→ε martensitic transformation occurs, as shown in Fig. 5(a) . The formation of intersecting networks of ε-martensites on three of four possible sets of {111} γ planes is visible (~140 µm deep). The martensites with an orientation of T 1 and T 2 occur in γ between the first set of T 3 orientated martensites. The high magnification dark field image in Fig. 5(b) shows T 1 orientated ε-martensites. 
Discussion
The slip of dislocations is the typical character for accommodating strain in ε-cobalt during deformation, similar to that in medium-to-high SFE cubic metals [8] [9] [10] [11] [12] . The grain refinement stems from grain subdivision due to {10 10 }〈1120 〉 prism and {0001}〈1120 〉 basal slip. The process of grain subdivision proceeds successively with strain to a finer and finer scale, resulting in the formation of ultrafine and nc grains. It is interest to note the basal SFs inside ultrafine and nc grains. The formation of SFs involves the partial dislocation activity and hence, has a significant effect on deformation especially at nanoscale.
The deformation microstructure in γ-cobalt contains the planar arrays of dislocations, twins, and strain-induced martensites. This is due to that fact that the low SFE γ-cobalt is thermodynamically metastable. Especially, the γ→ε martensite transformation may occur in ultrafine and nc grains as the strain increases. The transformation contributes grain refinement in two respects. First, the transformation results in the formation of refined ε platelets and second, the ε platelets can be thought of as grain boundaries inducing a refinement effect by subdividing the grains with the same function as deformation twins.
Summary

1
. The grain refinement of ε-cobalt is realized through grain subdivision by the {10 10 }〈1120 〉 prism and {0001}〈1120 〉 basal slip. The stacking faults exist in ultrafine and nc grains. 2. The γ-cobalt accommodates strain through dislocation slip, twinning, and strain-induced martensitic transformation. The martensitic transformation proceeds to nanoscale and is responsible for grain refinement of γ-cobalt.
